We screened the potential molecular targets and investigated the molecular mechanisms of hepatocellular carcinoma (HCC).
Background
Hepatocellular carcinoma (HCC) is one of the most prevalent forms of adult liver cancer and is the third leading cause of cancer deaths worldwide [1] . HCC accounts for over 80% of all liver cancers, with more than 600 000 people being diagnosed every year [2] [3] [4] . For patients, liver transplantation, surgical resection, and local ablation offer only limited options for HCC treatment [5] . However, due to surgical therapy limitations, advanced tumors can recur even after complete surgical resection; most patients with HCC are not suitable for surgical resection and fewer than 20% of patients respond to conventional chemotherapy [3] . Therefore, there is a need to develop effective new agents for HCC treatment.
Traditional Chinese medicine (TCM) provides important treatments for many diseases and depends on differentiation of TCM syndromes to inform therapy. Many herbal formulations in TCM are combined with conventional radiation therapy, chemotherapy, or surgical resection for the treatment of cancer, used alone or as an adjuvant therapy [3, 6] .
Berberine (BBR), a natural benzylisoquinoline alkaloid isolated from the Chinese herb Rizoma coptidis, has been reported to exhibit multiple pharmacological activities, such as anti-bacterial, anti-hypertensive, anti-inflammatory, anti-diabetic, and anti-hyperlipidemic effects, as well as anti-cancer effects [7] [8] [9] [10] . Berberine is also known to possess potent anti-cancer activity in various cancer models, including gastric cancer, colon cancer, breast cancer, nasopharyngeal carcinoma (NPC), and HCC [11] . The anti-tumor activity of berberine includes suppression of tumor cell proliferation, induction of tumor cell apoptosis, and inhibition of both tumor invasion and metastasis against a variety of human cancer cells both in vitro and in vivo [7, 12, 13] . Recently, berberine was confirmed to have anti-tumor effects to inhibit migration, invasion, metastasis and angiogenesis of HCC [14, 15] . BBR may induce HCC cell apoptosis and autophagic cell death [14, 16] and block the cell cycle [14, 17] . These findings indicated that berberine is a promising candidate for clinical use in cancer chemotherapy. However, the exact biological targets of therapeutic intervention in tumor progression remain unclear.
In the present study, we further investigated the mRNA expression profile of 4-h treatment with 40 μM berberine in a hepatoblastoma cell line (HepG2) by re-analyzing the data of Lo et al. [18] , which were deposited in in the Gene Expression Omnibus (GEO) database. Cells were treated with 40 µM berberine chloride or 0.08% DMSO as control. We further screened the differentially expressed genes (DEGs) between BBR and control group with a cut-off value of 0.05 for statistical significance and | log 2 fold change (FC) | ³1. Then, the gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses were performed. The protein-protein interaction (PPI) network of DEGs were also constructed and identified the hub genes in the PPI network with front value of degree, node betweenness, and closeness via network topology calculation. The genetic alteration, neighboring genes networks, and survival analysis of hub genes were explored by cBio portal, and the expression of mRNA level of hub genes was obtained from the Oncomine databases. Our study was performed to provide a systematic perspective on understanding the molecular mechanism of HCC and to identify more novel potential therapeutic targets for HCC therapy.
Material and Methods

Microarray data information and identification of DEGs
The gene expression profile of GSE47786, based on the platform of GPL10558 (Illumina HumanHT-12 V4.0 expression BeadChip) (Illumina Inc, Santiago, CA, USA) and deposited by Lo et al. [18] , were downloaded from the Gene Expression Omnibus (GEO) database in National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/geo/). A 50 -M stock solution of berberine chloride was prepared in DMSO and the GSE47786 available in this study contained 2 cell samples (GSM1159672 and GSM1159671), including 40 μM berberine-treated HepG2 human hepatoma cell line and 0.08% DMSO-treated cells as control. Data in a SOFT-formatted family file were downloaded. Then, log 2 fold change (log 2 FC) was calculated to identify genes with expression-level differences. |log 2 FC|³1.0 and adjusted P value <0.05 were used as the cut-off criteria for the DEGs.
Gene ontology (GO) and pathway enrichment analysis
Functional annotation of massive genes frequently has used GO analysis [19, 20] . DEGs functions and pathways enrichment were analyzed using an online database, the Molecule Annotation System (MAS3.0), which is a Web-based software toolkit for a whole-data mining and function annotation solution to extract and analyze relationships among biological molecules from public knowledge bases of biological molecules. In our study, MAS3.0 was used for GO enrichment analysis to identify the significantly enriched biological process (BP) terms, molecular function (MF), and cellular component (CC), as well as for KEGG pathway enrichment analysis of DEGs, with P<0.05 as the cut-off criterion.
PPI network construction and hub genes identification
The Search Tool for the Retrieval of Interacting Genes (STRING, http://www.string-db.org/) identifies the interactions of gene products, providing experimental and predicted interaction information [19, 21] . In e present study, the interaction associations of the proteins were analyzed using STRING and the required confidence (combined score) ³0.4 was used as the cut-off criterion [22, 23] . Then, Cytoscape was used to visualize the network. Subsequently, the Network Analyzer plug-in was used to calculate node degree, node betweenness, and closeness. Degree stands for the number of inter-connections to filter hub genes of PPI in a network [24] . Node betweenness reflects the capability of nodes to manage the rate of information flow in the network [25] . Closeness is the inverse of the sum of the distance from a node to other nodes [26] . Higher scores for these 3 indices mean that the node is more central in the network. Therefore, the central nodes might be the core proteins and key candidate genes that have important physiological regulatory functions in HCC.
Exploring cancer genomics data linked to berberine by cBio Cancer Genomics Portal
The cBio Cancer Genomics Portal (http://cbioportal.org) is an open-access Web resource for exploring, visualizing, and analyzing multidimensional cancer genomics datasets, which provides graphical summaries of gene-level data from multiple platforms, network visualization and analysis, survival analysis, patient-centric queries, and software programmatic access to significantly lower the barriers between complex genomic data and cancer researchers, and enables researchers to translate these rich datasets into biologic insights and clinical applications [27, 28] . In the present study, we used the cBio Cancer Portal to investigate the candidate genes across all hepatocellular carcinoma studies available in the database. The genomics datasets were then presented using OncoPrint as heatmaps, a concise and compact graphical summary of genomic alterations in multiple genes and multiple visualization networks that are altered in cancer. Survival analyses were performed by grouping hepatocellular carcinoma data alterations using input from berberine gene sets.
Analysis of hub genes expression in human HCC
Expression of hub genes in human HCC was determined through analysis of Roessler Liver databases, which are available through Oncomine (Compendia Biosciences, www.oncomine.org). Oncomine is a powerful Web application that integrates and unifies high-throughput cancer profiling data so that target expression across a large number of cancer types and experiments can be accessed online. We chose filter for the analysis type of cancer vs. normal, cancer type of hepatocellular carcinoma, sample type of clinical specimen, threshold by P VALUE for 1E-4, and fold change ³2 and data type of mRNA to investigate the clinical significances in HCC.
Results
Identification of DEGs in hepatocellular carcinoma cell line
In total, 64 DEGs were screened out in HepG2 with berberine-treated compared with control group, in which 56 DEGs were upregulated and 8 DEGs were downregulated by using P<0.05 and |log 2 FC|³1.0 as cut-off criterion. All the significantly upregulated and downregulated DEGs are listed in Table 1 .
Functional enrichment analysis
GO functions enrichment analysis and KEGG pathways enrichment analysis were performed using Molecule Annotation System (MAS3.0) to further explore the biological molecular information of DEGs. The DEGs were classified into 3 functional groups: the biological process group, the molecular function group, and the cellular component group. As shown in Table 2 . The results indicated the significantly enriched GO terms for biological process were cell cycle arrest, regulation of transcription, DNA-dependent, protein amino acid phosphorylation, and anti-apoptosis. The significantly enriched GO terms for molecular functions were protein binding, transcription factor activity, ATP binding, and nucleotide binding. The significantly enriched GO terms for cellular component were cytoplasm, nucleus, extracellular region, and cytosol.
DEGs
Genes symbol
Up-regulated ACTA1, ACTG1, AKR1C2, ANKRD1, BRWD1, C8ORF4, CBX4, CCL20, CDKN1A, CHMP1B, CTGF, CYR61, DDIT3, DUSP1, DUSP5, EGR1, ERRFI1, FOXQ1, FST, GADD45B, GDF15, HAMP, HES1, IER3, IGFBP1, IL8, JAG1, JUN, JUNB, KLF6, LOC648256, LOC648517, LOC88523, MIXL1, MT2A, MYC, N4BP2L2, NEDD9, NR0B2, NUAK2, PHLDA1, PIM1, PIM3, PPP1R15A, RASD1, SERTAD2, SLC25A25, SLC30A1, SPRY4, TAGLN, THBS1, TRIB1, TUFT1, WEE1, ZFP36, ZFP36L1 Down-regulated C20ORF177, EIF5, GPAM, GPER, NBPF20, TRIM25, TXNIP, ZC3HAV1 
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KEGG pathways enrichment analysis suggests that berberineassociated genes in the HepG2 are mainly linked to cancer-related and signaling cascade pathways as potential molecular mechanisms, including control of cancer cell proliferation and survival via MAPK/p53-mediated cell cycle control, and regulation of gene transcription by Wnt signaling pathway, and various cancers were also found to be significantly enriched (Table 3) .
PPI network analysis
The PPI network for the DEGs between berberine-treated HepG2 human hepatoma cell line and 0.08% DMSO-treated as control cells are shown in Figure 1 . The PPI network was constructed with 38 nodes and 87 edges. Among the 38 nodes, 4 central node genes (red in Figure 2 ) were identified with the filtering of degree >10 criteria, and the most significant 4 node degree genes were JUN (degree=22, Node betweenness=0.446, Closeness=0.685), EGR1 (degree=16, Node betweenness=0.135, Closeness=0.606), MYC (degree=16, Node betweenness=0.196, Closeness=0.587), and CDKN1A (degree=15, Node betweenness=0.182, Closeness=0.587). Thus, based on the results of functional analysis combined with the PPI network analysis, we selected the 4 node genes acting as the hub genes in HepG2 for subsequent study.
Exploring genetic alterations connected with berberinetreated HepG2-associated genes JUN, EGR1, MYC and CDKN1A in hepatocellular carcinoma by cBio portal
Combining the result of functional analysis and PPI network topological structure calculation indicated that JUN, EGR1, MYC, and CDKN1A may play a role in hepatocellular carcinoma. To further explore the relationship between hub genes and hepatocellular carcinoma, cBio portal, a Web-based integrated data mining system, was used to cross-explore their cancer clinical profiles and genomic alterations in hepatocellular carcinoma. Among 4 hepatocellular carcinomas analyzed, alterations ranging from 2.5% to 23% were found for the gene sets submitted for analysis ( Figure 1A) . A summary of the multiple gene alterations observed across each set of tumor samples Multiple visualization networks were generated in the cBio portal to investigate the potential of complexity as well as the variability of difference in interactions between hub genes most relevant to the genes altered in hepatocellular carcinoma tumor samples from the TCGA Data Portal. The genomic alteration frequency was applied as a filter to show the neighbors with the highest alteration frequency. The cBio portal construct network contains all neighbors of 4 query genes: JUN, EGR1, MYC, and CDKN1A (Figure 3) . The 4 hub genes were identified when neighbors' ³32.8% alteration was applied as the filter (Figure 3) . Using a filter of 26% alteration, TP53 were revealed ( Figure 3) . A 6-gene cluster with TP53 and NDRG1 was observed with a filter incorporating a 17% alteration (Figure 3) and including MAPK15 in a 7-gene cluster when the filter was reduced to 16% alteration (Figure 3) . The results of interactive analysis give insights into the role of berberine in the prevention of treatment of hepatocellular carcinoma by interacting with multiple targets. The identified hub genes across samples in large-scale cancer genomics projects find genetic alterations by querying multidimensional cancer genomics data embedded in the cBio portal.
The cBio portal also provides survival analysis to view genes that are altered in cancer. Overall survival and disease-free differences are computed between tumor samples that have at least 1 alteration in 1 of the query genes and tumor samples that do not. The results are displayed as Kaplan-Meier plots with P values from a log-rank test [27, 28] . As shown in Figure 4 , cases with one of the query genes alteration have worse overall survival and disease-free survival than cases without one of the query genes alteration, although both had shown no difference with P value 0.243 and 0.685 in the present study. Hence, additional research is required to confirm the characteristics of JUN, EGR1, MYC, and CDKN1A in the human HCC line (HepG2). 
Expression of JUN, EGR1, MYC, and CDKN1A in human HCC based on Oncomine database
To determine the clinical significances of JUN, EGR1, MYC, and CDKN1A in patients with HCC, we performed data mining and analyzed JUN, EGR1, MYC, and CDKN1A expressions from the publicly available Oncomine database. The finding suggested that the expression of JUN is significantly weaker in HCC specimens compared with normal liver samples, but EGR1, MYC, and CDKN1A are the opposite ( Figure 5 ). The hub genes were upregulated respond to berberine with the dose of 40 µM in the microarray. It indicated that JUN, EGR1, MYC, and CDKN1A probably play critical roles in the development of the HCC. Therefore, we intend to perform further experimental verifications in our future studies using different methods such as immunohistochemistry and quantitative RT-PCR to investigate the functions of JUN, EGR1, MYC, and CDKN1A and anti-cancer characteristics of berberine. 
Discussion
Hepatocellular carcinoma (HCC) is one of the most frequently diagnosed malignancies, with very poor 5-year survival rates [29] . The elucidation of molecular mechanism of HCC onset and progression has long been extensively pursued but remain mostly elusive. In this study, the gene expression profile data of GSE47786 were downloaded from the GEO database to re-analyzed DEGs between 40 μM berberine-treated HepG2 human hepatoma cell line and 0.08% DMSO-treated as a control cells sample using bioinformatics and PPI analysis to further investigate the pathogenesis and explore the molecular therapeutic targets for HCC. A total of 64 DEGs, including 56 upregulated and 8 downregulated genes, with P<0.05 and |log 2 FC|³1.0 were selected. Furthermore, the GO enrichment analysis results showed that 64 DEGs were related to cell cycle arrest, regulation of transcription, DNA-dependent, cell cycle, and apoptosis. KEGG pathway enrichment analysis indicated that MAPK/p53, cell cycle, and Wnt signaling pathway might be involved in the development of HCC. JUN, EGR1, MYC, and CDKN1A were hub nodes in the PPI network. Additionally, the results of genetic alterations mainly concentrated on amplification and survival analysis, showing the overall survival and the disease-free survival were worse when one of the query genes had genetic change. Therefore, these hub genes may be involved in HCC progression.
Traditional Chinese medicine (TCM) has been used worldwide as a complementary and alternative medicine to treat cancer in recent decades. Many studies have shown that BBR possesses inhibitive effects for suppressing human cancer cell growth via suppression of tumor cell proliferation, induction of tumor cell apoptosis, and inhibition of both invasion and metastasis in vitro and in vivo [30] . BBR inhibits proliferation and migration and induces G2/M cell cycle arrest and apoptosis in HCC [30, 31] . For example, Chu et al. reported that berberine inhibited the viability, migration, and invasion capacity of HepG2 cells through the induction of pyroptosis, at least partially through the activation of caspase-1 [32] . Wang et al. demonstrated that berberine exhibits dose-and time-dependent inhibition of Cyclin D1 expression in human hepatoma cell HepG2 to attenuate cancer cell resistance to chemotherapeutic agents [33] . However, further information on the molecular targets underlying the anti-cancer efficacy of berberine has not been fully elucidated. In the present study, JUN, EGR1, MYC, and CDKN1A were identified as central nodes in the PPI network, which suggests that they may be worth further study under certain conditions. Cellular JUN Proto-oncogene (c-JUN), together with c-fos, is a component of transcription factor AP-1, which is a transcription factor implicated in the induction of gene transcription by phorbol ester tumor promoters [34] . AP-1 directs the expression of cyclin D1, a member of the G1 cyclin family involved in the regulation of the G1/S transition of the cell cycle, which may facilitate the development of invasive cancer for uncontrolled proliferation in normal human cells when it accumulates continuously in nuclei [35, 36] . Luo et al. found that berberine inhibits cyclin D1 expression through suppression of c-JUN expression, thereby significantly suppressing AP-1 transcriptional activity [37] . c-JUN acts as Janus Kinase (JNK) substrate and induced DNA damage that regulates cell proliferation, apoptosis, and differentiation. From the visualization networks in the cBio portal, we found that JUN interacts with TP53. Previous studies have reported that a major function of c-JUN in cell-cycle cells progression and liver tumorigenesis is preventing apoptosis by antagonizing p53 activity, contributing to early-stage HCC [38] . We noted that the expression of JUN in tumor samples was lower than in normal samples in Roessler Liver datasets on Oncomine database, which is inconsistent with previous studies. Berberine upregulated the expression of JUN under our experimental conditions in the present study, which we speculated optimized conditions, and validations in HepG2 should be considered in further studies.
Early growth response gene-1 (EGR1) is a nuclear zinc-finger transcription factor that belongs to a family of early response genes with an amino terminal activation domain consisting of 3 cys2-his2 zinc fingers near the carboxy terminal end of the protein sequence [39, 40] . Increasing evidence indicates that EGR1 plays positive and negative functions in different types of cancers, relying on the integrated functions of various genes it regulates. For instance, Park et al. reported that EGR1 regulates cathepsin D to promote the invasion ability in oral squamous cell carcinoma cells [41] . In addition, Peng et al. demonstrated EGR1 contributes to HCC radioresistance through directly upregulating target gene Atg4B [42] . Paradoxically, the expression of the EGR1 was upregulated for b-lapachone to inhibit the progression and metastasis of hepatoma cells [43] . Similarly, induction of apoptosis, inhibitions of cell proliferation, and cell cycle arrest at the G2/M phase were observed in HepG2 cells treated with berberine through increased NAG-1 promoter activity preceded by the elevation of Egr-1/DNA binding activity [44] . Evidence also indicates that EGR1 inhibits cell growth, proliferation, and metastasis, and induces apoptosis via directly or indirectly upregulating multiple tumor suppressors PTEN, TP53, fibronectin, BCL-2, and TGFb1, which act as a tumor repressor and tumor suppressor in non-small-cell lung carcinoma by regulating KRT18 expression [45, 46] . In this study, we showed that EGR1 is upregulated in microarray by BBR treatment in HCC cells, which indicates that BBR can improve the expression of EGR1 under the experimental condition in this study. We found that the expression of EGR1 in tumor samples was higher than in normal samples in the Roessler Liver datasets in the Oncomine database, and more clinical samples are needed for validation in further studies.
c-MYC, a synonym of Homo sapiens v-myc myelocytomatosis viral oncogene homolog (MYC) oncoprotein, known to control cell cycle progression, proliferation, growth, adhesion, differentiation, apoptosis, and metabolism, was discovered over 35 years ago [3, [47] [48] [49] . The transcription factor c-MYC was one of the first oncogenes identified for its high expression levels [50] . The mRNA expression level of MYC was significantly higher than in normal samples in the Roessler Liver datasets, consistent with previous studies. Simile et al. showed that c-MYC down-regulation is capable of inhibiting cell cycle activity and growth of both human HepG2 and rodent Morris 5123 liver cancer cells [51] . MYC has been shown to contribute to cell proliferation and tumorigenesis, which directly increase the expression of E2F, as well as cyclin-D and cyclin-dependent kinase (CDK) 4, and then activates cyclin-E and CDK2 via sequestration of p27 [52] . miRNAs are a diverse class of highly evolutionally conserved small RNAs that regulate the transcription and translation of genes. Previous studies showed that HCC cell growth was regulated by miRNAs like miR-101, miR-221, miR-224, miR-195, miR-122, miR-223, miR-21, and miR-199. Meng et al. showed that miR-33a-5p overexpression increased the cisplatin sensitivity of HCC cells [53] . Song et al. demonstrated that miR-4417 targets TRIM35 and regulates the Y105 phosphorylation of PKM2 to promote cell proliferation and inhibit apoptosis in HCC cells [54] , and Xie F et al. also reported that miR-320a as a tumor suppressor inhibits tumor proliferation and invasion by directly targeting c-MYC in hepatocellular carcinoma [55] . However, the gene expression level of MYC was upregulated by 4-h treatment with 40-μM BBR in the present study. Hence, further studies are needed to clarify the role of MYC and the molecular mechanisms of growth inhibition in hepatoma cells exposed to BBR.
Cyclin-dependent kinase (CDK) inhibitor p21, also known as p21waf1 /cip1 or P21/CDKN1A [56, 57] , is a well-known inhibitor of cell cycle and can arrest the cell cycle progression in G1/S and G2/M transitions by inhibiting CDK4, 6/cyclin-D, and CDK2/cyclin-E [57, 58] . The molecular behavior of p21 depends on its subcellular localization. Nuclear p21 may inhibit cell proliferation and be pro-apoptotic in a p53-dependent or -independent manner, while cytoplasmic p21 may have oncogenic and anti-apoptotic functions [59] . Recent reports demonstrate that BBR treatment induced cell cycle arrest at the G2/M phase by upregulating protein expression of p53 and p21, the tumorsuppressor gene [30, 60] . However, the result of the expression of CDKN1A in tumor samples were higher than in normal samples in Roessler Liver datasets in the Oncomine database, which is contrary to previous studies and needs further studies with larger sample sizes. In this study, BBR improved the gene expression level of CDKN1A (P21 protein), which is consistent with the cell cycle arrest function and indicted that CDKN1A could be a therapeutic target for HCC.
Conclusions
JUN, EGR1, MYC and CDKN1A may be potential target genes for the treatment of hepatocellular carcinoma. The present study augments our understanding of the molecular mechanisms underlying the effect of BBR on human hepatoma cell HepG2. Bioinformatics analysis is a useful strategy from a new perspective to explore cancer. Further experimental studies with larger sample sizes are required to validate the effects and mechanisms of JUN, EGR1, MYC, and CDKN1A in hepatocellular carcinoma.
